Hoards found in Ireland, Scotland, Orkney Islands, and Scandinavia have revealed the vikings ability to fabricate beautiful arm and neck rings of twisted silver and gold rods [1, 2, 3, 4] . Little is known about the fabrication methods of these rings. Characteristic is the uniform appearance of the twisted pattern along the length of the ring, as well as from one ring to another, even when found at different geographical locations. How can the twisted pattern displayed be so perfectly repetitive -what craftsman skills did it demand of the vikings?
There is a variety of styles in which the viking arm and neck rings were fabricated. Three common patterns are: (i) Thin intertwined metal strands fabricated from (usually two or three) wires of constant thickness. A number of such metal strands are then laid next to each other to form the major motif of the ring (Fig. 1A : R1, R4, R5). (ii) The motif is formed from a single twist of wires. In this case the wires are relatively thick and typically constructed with slowly varying thickness. (iii) The motif of thick twisted wires is embellished by a thin wire or a thin twisted wire (Fig. 1A: R2, R3 ).
The existence of a unique self-forming motif can be understood from the study of twisted wires. Imagine one wants to make a piece of jewelry from two wires. The length, L, of the twisted structure depends on how much one twists the wires into helical lines, i.e. the length is a function of the number, n, of rotations in the material. For n = 0 the length L(0) is simply that of the individual straight wires. When one twist these two wires, the resulting double strand gets shorter and shorter (Fig. 1B) . At a certain point, no more rotations can be added without deforming the material or introducing intrusions -this is where the curve changes from blue to red. The maximally rotated geometry is universal and therefore independent of the skills of the craftsman.
The geometry of the maximally twisted wires are characterized by their pitch angle, v ⊥ , and their number of strands, N . The pitch angle is the angle that the helical lines make with the horizontal axis; an untwisted straight wire has a pitch angle of 90
• . Table 1 lists the pitch angles of maximally twisted wires and the reduced aspect ratio, A r = H/(N D), where H is the pitch height and D is the outer diameter. H is measured along the twisted structure and is the distance over which a single strand comes back to its original position.
Are the arm and neck rings found at various sites maximally twisted? To answer this question, we determined the pitch angles of a number of viking rings. However, to directly measure the pitch angle with reasonable accuracy is difficult. Instead we measured H and D of the twisted helix. (Fig. 1C) . The calculation of A r (v ⊥ ) follows the method outlined in refs. [5, 6, 7] .
In Figure 1C is marked the measurements of ten arm and neck rings (Table 2) . Six data points (•) lie close to the maximally rotated structure on the larger side (blue curve). Only ideally moldable tubes would be able to reach the maximally rotated states. Any real material has material properties that limit the number of rotations before the mathematical limit is reached. The clustering of the data points about a pitch angle that is ∼ 5
• higher shows that this is what in practice was obtained, leading to a nearly perfectly repeating pattern. For comparison, four rings (•) which are not maximally rotated are included.
The above analysis does not tell us if tools akin to the conical top or the more simple bar used in ropemaking has been applied. Also, still to be answered is the question of whether the wires have been thermally treated to enhance the moldability of the metal. Even so, the geometrical analysis reveals why the rings were repeatedly crafted with beautiful results. Figure 1: (A) Twisted neck rings (denoted R1-R5 counting from outside to inside) on display at The National Museum of Denmark. (B) Length L(n) of twisted wire versus number of rotations plotted for two strands of diameter 5 mm and length 50 cm. (C) A r versus pitch angle plotted for N = 2 and 3, respectively. For pitch angles higher than that of the maximally rotated structure the curve is blue, below it is red. Circles indicate measurements on ten rings; six rings are clustered around v ⊥ = 45
• , two of which coincide (Table 2) . Table 2 : Measurements on viking arm and neck rings; R6 is of gold, the rest of silver. Each ring has a small variation in how tightly it is laid. Therefore, the reduced aspect ratio A r = (H/N D) is measured at three different places on each ring (4th column). The pitch angle is calculated for the smallest value which corresponds to the most tightly laid part (5th column). DNM = National Museum of Denmark; JGC=James Graham-Campbell [3] .
